, and Ednrb sl/sl rat pups, disand the Ednrb sl/sl NCSC pool is not exhausted postnatally. sociated the cells, and plated them in culture. 3.9% Ϯ 3.4%, 3.7% Ϯ 3.1%, and 1.5% Ϯ 1.1% of Ednrb ϩ/ϩ , Ednrb ϩ/sl , and Ednrb sl/sl gut cells formed multilineage col-EDN3 Impairs the Self-Renewal onies in culture containing neurons, glia, and myofiof NCSCs in Culture broblasts. This suggested that there were fewer NCSCs
We tested whether EDN3 promoted NCSC self-renewal in the Ednrb sl/sl gut, though the difference was not statisin culture, because self-renewal should be quantitatively tically significant (p ϭ 0.08, n ϭ 8-14 rats per treatment).
increased if EDN3 maintains the undifferentiated state When NCSCs were isolated based on phenotype as of progenitors. We isolated embryonic day 14.5 (E14.5) p75 (Table 1) . Thus, multipotent daughter cells per colony; mean Ϯ SD), but p75 ϩ ␣ 4 ϩ cells were highly enriched for NCSCs irrespecin the presence of EDN3, only 1 of 16 colonies generated tive of Ednrb genotype, and we observed a similar remultipotent daughter cells. Thus, EDN3 nearly elimiduction in the frequency of Ednrb sl/sl NCSCs whether nated NCSC self-renewal in culture. EDN3 also signifithese cells were identified prospectively based on cantly reduced the total number of subclones per colony marker expression or retrospectively based on multilinfrom 754 Ϯ 458 in control cultures to 171 Ϯ 411 in the eage colony formation. This indicates that Ednrb is represence of EDN3. Since colonies cultured for 8 to 11 quired for the generation of normal numbers of NCSCs days in the presence of EDN3 contained many fewer in the fetal gut. However, between E12.5 and E14.5, we cells than control colonies (Figure 1 ; see below), this did not observe progressive depletion of the NCSC pool; difference reflected a negative effect of EDN3 on prolifit remained at 40% of wild-type levels. Thus, the pool eration. of NCSCs was not completely exhausted prior to coloniTo test whether EDN3 inhibited neuronal differentiazation of the distal gut.
tion by NCSCs, we cultured gut NCSCs for 14 days in standard medium supplemented with 0, 1, or 10 ng/ml EDN3. All cultures were performed at clonal density such Ednrb Deficiency Does Not Lead to the Exhaustion of NCSCs Even Postnatally that individual NCSCs were able to form spatially distinct colonies. In standard medium, 81% of the colonies Gut NCSCs persist into adult life within the enteric nervous system (Kruger et al., 2002 rats despite continuing to be present at normal frequencies in the small intestines of these animals ( Table 2) . To more precisely understand the point at which NCSC migration is impaired, we compared the frequency of NCSCs in the cecum to one cecum length of gut proximal to the ileocecal junction (distal ileum) at E15.5. Nineteen of twenty-one controls (Ednrb ϩ/sl and Ednrb ϩ/ϩ ) had NCSCs in the short segment of distal ileum and in the cecum. Six of eight Ednrb sl/sl guts had NCSCs in this segment of distal ileum but only one had NCSCs in the cecum. In controls, the frequency of cells from these two segments of gut that formed NCSC colonies in culture was similar: 1.5% Ϯ 1.2% in the distal ileum and 2.6% Ϯ 2.6% in the cecum. cecum ( Figures 3N and 3O) . Thus, we could find no evidence that the arrest in Ednrb sl/sl neural crest migration in the distal ileum was associated with increased consistent with its ability to promote myofibroblast differentiation under these culture conditions (Figure 1 ). neurogenesis or cell death.
However (Figures 6G and 6K) Figure 6M ) and gut environment. NCSCs thus engrafted similarly in conthe total number of migrating NCSCs ( Figure 6N ) were trol and Ednrb sl/sl distal guts, demonstrating that the not significantly reduced in the presence of GDNF and aganglionic region of the Ednrb sl/sl distal gut can support EDN3 as compared to GDNF alone. Thus, EDN3 reduced the survival and differentiation of NCSCs. the distance over which neurites extended and cells migrated rather than the number of migrating cells. In some cases, processes appeared thicker in the presDiscussion ence of EDN3 as larger aggregates of cells accumulated on the shorter neurites. These data suggest that EDN3
The mechanism by which defects in endothelin signaling negatively regulates the migratory response of neural cause Hirschsprung's disease has been uncertain. Most crest cells to GDNF. models have proposed that loss of EDN3 signaling leads It cannot be determined from our observations to the premature differentiation or loss of progenitors whether GDNF directly promoted the migration of prior to the onset of distal gut gangliogenesis, leaving NCSCs or whether the NCSCs migrated out of the gut no progenitors to colonize the distal gut. But no studies as a result of neurite extension into the collagen gel.
have directly examined the effect of EDNRB signaling This raises the possibility that EDN3 could impair the on gut NCSCs, which comprise only a few percent of migratory response to GDNF by acting directly on the fetal gut cells. NCSCs, or by impairing neurite extension, or both. Since EDN3/EDNRB-signaling did not promote NCSC selfmultiple guidance mechanisms are likely involved in the renewal, survival (see Supplemental Table S1 at If the only defect due to Ednrb deficiency was the 60% 6). However, EDN3 modified the migratory response of wild-type NCSCs to GDNF. The ability of EDN3 to modify reduction in NCSC frequency, then hypoganglionosis rather than aganglionosis might be expected. However, the migratory response of NCSCs to GDNF is consistent with the interaction of these genes in determining risk migration defects were observed after E12.5 in Ednrb 
Isolation of Gut NCSCs
Pregnant Sprague-Dawley rats were obtained from Simonsen (GilTransplantation of Gut NCSCs into Ednrb sl/sl and Control Guts Fetal guts, from the stomach to the rectum, were dissected from roy, CA) or Charles River Laboratories (Wilmington, MA). Ednrb ϩ/sl rats were derived from spotting lethal (sl) mutant rats (isolated as E14.5 rat embryos, placed in ice-cold Ca 2ϩ -free, Mg 2ϩ -free HBSS, and kept at 4ЊC while embryos were genotyped. Guts were then spontaneous mutants at the Institute for Animal Reproduction, Omiya, Japan) and bred on a Wistar-Kyoto background at the Uniplaced in Opti-MEM ϩ penicillin/streptomycin and cultured overnight at 37ЊC in 6.5% CO 2 prior to transplantation. Gut NCSCs were versity of Michigan. Fetal gut was dissected into ice cold Ca 2ϩ , Mg 2ϩ -free HBSS and dissociated by incubating for 2 min at 37ЊC in isolated from wild-type E14. 
